To understand high-density lipoprotein (HDL) structure at the molecular level, the location and stability of α-helical segments in human apolipoprotein (apo) A-I in large (9.6 nm) and small (7.8 nm) discoidal HDL particles were determined by hydrogen-deuterium exchange (HX) and mass spectrometry methods. The measured HX kinetics of some 100 apoA-I peptides specify, at close to amino acid resolution, the structural condition of segments throughout the protein sequence and changes in structure and stability that occur on incorporation into lipoprotein particles. When incorporated into the large HDL particle, the nonhelical regions in lipid-free apoA-I (residues 45-53, 66-69, 116-146, and 179-236) change conformation from random coil to α-helix so that nearly the entire apoA-I molecule adopts helical structure (except for the terminal residues 1-6 and 237-243). The amphipathic α-helices have relatively low stability, in the range 3-5 kcal∕mol, indicating high flexibility and dynamic unfolding and refolding in seconds or less. A segment encompassed by residues 125-158 exhibits bimodal HX labeling indicating co-existing helical and disordered loop conformations that interchange on a time scale of minutes. When incorporated around the edge of the smaller HDL particle, the increase in packing density of the two apoA-I molecules forces about 20% more residues out of direct contact with the phospholipid molecules to form disordered loops, and these are the same segments that form loops in the lipid-free state. The region of disc-associated apoA-I that binds the lecithin-cholesterol acyltransferase enzyme is well structured and not a protruding unstructured loop as reported by others.
To understand high-density lipoprotein (HDL) structure at the molecular level, the location and stability of α-helical segments in human apolipoprotein (apo) A-I in large (9.6 nm) and small (7.8 nm) discoidal HDL particles were determined by hydrogen-deuterium exchange (HX) and mass spectrometry methods. The measured HX kinetics of some 100 apoA-I peptides specify, at close to amino acid resolution, the structural condition of segments throughout the protein sequence and changes in structure and stability that occur on incorporation into lipoprotein particles. When incorporated into the large HDL particle, the nonhelical regions in lipid-free apoA-I (residues 45-53, 66-69, 116-146, and 179-236) change conformation from random coil to α-helix so that nearly the entire apoA-I molecule adopts helical structure (except for the terminal residues 1-6 and 237-243). The amphipathic α-helices have relatively low stability, in the range 3-5 kcal∕mol, indicating high flexibility and dynamic unfolding and refolding in seconds or less. A segment encompassed by residues 125-158 exhibits bimodal HX labeling indicating co-existing helical and disordered loop conformations that interchange on a time scale of minutes. When incorporated around the edge of the smaller HDL particle, the increase in packing density of the two apoA-I molecules forces about 20% more residues out of direct contact with the phospholipid molecules to form disordered loops, and these are the same segments that form loops in the lipid-free state. The region of disc-associated apoA-I that binds the lecithin-cholesterol acyltransferase enzyme is well structured and not a protruding unstructured loop as reported by others.
atherosclerosis | amphipathic α-helix | protein secondary structure T here is great interest in understanding the structure-function relationships of high-density lipoprotein (HDL) because of its important antiatherogenic properties. Because high-resolution structures of HDL microemulsion particles cannot be obtained by current X-ray crystallography and NMR methods, alternative biophysical approaches have been used to characterize various subspecies of HDL. Structural models that show the general lipid and protein organization in HDL particles are now available (for reviews, see refs. [1] [2] [3] [4] [5] [6] . To derive detailed understanding at the molecular level of how HDL functions in cholesterol transport (7) and in reducing the incidence of premature cardiovascular disease (8), higher-resolution structural information is required.
Reconstituted discoidal HDL particles that are models of nascent HDL (9) created by the interaction of apolipoprotein (apo) A-I (3, 10), the principal protein of HDL, with the cellsurface ATP binding cassette transporter (ABCA1) (11, 12) have received a great deal of attention. A major advantage of model particles is the possibility of obtaining preparations that are sufficiently homogeneous for detailed structural investigation. The structure of a discoidal HDL particle (approximately 10 nm hydrodynamic diameter) comprising a 160-molecule segment of phospholipid (PL) bilayer stabilized by two apoA-I molecules has been modeled in detail. In the "double-belt" model, the apoA-I molecules are packed around the edge of the disc in an antiparallel orientation with their amphipathic α-helical segments (13) interacting with the PL acyl chains (14) . This extended belt-like organization of the apoA-I molecules is derived from a similar conformation observed in the crystal structure of a lipid-free, N-terminal truncated variant of human apoA-I in which the molecule forms a horseshoe-shaped, pseudo-continuous, amphipathic α-helix (15). This structure is also consistent with a recent 2.2 Å-resolution crystal structure of a lipid-free C-terminally truncated apoA-I molecule (16) .
This paper describes the detailed secondary structure for the complete human apoA-I molecule in discoidal HDL particles of different sizes. These particles of discrete size (7.8-and 9.6-nm hydrodynamic diameter) contain two apoA-I molecules and have the characteristics of naturally occurring nascent HDL particles. Such structural information will help provide an answer to the intriguing question of why apoA-I interacts with PL in a quantized fashion to stabilize HDL particles of defined size rather than to form a continuum of particle sizes. We applied hydrogen exchange (HX) and mass spectrometry (MS) methods (17) (18) (19) to determine the location, stability, and dynamics of α-helical segments within lipid-bound apoA-I molecules. This high-resolution structural information provides a basis for understanding the molecular interactions in which HDL particles participate.
Results HDL Particle Characteristics. Reconstituted HDL particles containing approximately 70∕1 and 28∕1 mol∕mol palmitoyl-oleoyl phosphatidylcholine (POPC) and human apoA-I (20) were employed in the hydrogen-deuterium exchange (HX) experiments. These HDL particles contain two apoA-I molecules and are homogeneous with hydrodynamic diameters of 9.6 and 7.8 nm, respectively (Fig. S1) ; such HDL particles have been characterized extensively (for reviews, see refs. 5, 21). The particles have been visualized by electron microscopy and are stable for prolonged periods when stored at 4°C (22) and do not rearrange under the conditions of the HX experiments. In agreement with prior work, the apoA-I in these HDL particles is highly α-helical; analysis of CD spectra (Fig. S2) indicates that the helix content is approximately 80% compared to 52% for apoA-I in the lipidfree state.
Analysis of HDL Particle HX. Previously we employed HX and mass spectrometry (MS) to define the positions and stabilities of hydrogen-bonded (α-helical) structures in the lipid-free apoA-I molecule (19) . This involved determining the HX rates of amide hydrogens at known positions throughout the protein and comparing them to the exchange rate expected for the unstructured polypeptide (23, 24) . As an example, Fig. 1 illustrates results for an apoA-I peptide (encompassing residues 159-180) within the 9.6-nm discoidal HDL particle. The measured time courses of HX (pD 7.3, 5°C) for the approximately 100 apoA-I peptide fragments are presented in Fig. S3 . Consistent with our previous work (19) , many segments in lipid-free apoA-I form HX-protected α-helices (residues 7-44, 54-65, 70-78, 81-115, and 147-178), while the C-terminal length from residue 181 to 243 is in a disordered state. In the 9.6-nm discoidal HDL particle (Fig. S3) Table S1 (pD 7.3, 5°C). Pf reports the slowing of HX rate relative to the rate for the same residues when they are present in random coil. Apart from N-terminal peptides spanning residues 1-16 and C-terminal peptides spanning residues 220-243, the peptide HX kinetics are well-described by a mono-exponential rate equation and a single Pf value > 50, consistent with each segment forming a helix of uniform but rather low stability that repeatedly experiences reversible cooperative unfolding, thereby modulating the measurable HX reaction (19) . Peptides in the region of residues 127-158 exhibit bimodal HX kinetics and are discussed separately below. The far N-and C-terminal peptides exhibit HX kinetics that are best fitted by a bi-exponential rate equation indicating that some amide hydrogens are well protected against HX (Pf > 10 3 ), whereas others are much less so (Pf < 50). These peptides span a helix boundary. Near the N terminus, five residues located within the segment 1-10 are unprotected against HX as reported and discussed in detail before for apoA-I in the lipid-free state (19) . Residues 8, 9, and 10 form the first turn of helix 1 with amide hydrogens not protected by a hydrogen bond acceptor. Residue 11 is the first protected amide hydrogen in helix 1, hydrogen-bonded to the main chain carbonyl of Pro 7 (i to i-4). The mean Pf for the slowly exchanging hydrogens in the N-terminal helix is 3,600, indicating a helical length with stabilization free energy of 5 kcal∕mol. Similar considerations can be applied to the HX data for C-terminal peptides. The C-terminal peptide encompassing residues 236-243 exhibits low protection (Pf ¼ 35) (Table S1 ) consistent with relatively unstable structure. Peptides 234-243, 231-243, and 230-243 contain progressively more amide hydrogens exhibiting greater protection (mean Pf ¼ 1;200), consistent with the existence of a final length of stable helix terminating around residue 236.
In the 9.6-nm HDL particle at 5°C, the HX kinetics are sufficiently slow that complete time courses can be obtained (Fig. S3) . At 25 and 37°C exchange is more rapid (Figs. S4 and S5). The effect of increasing temperature is illustrated for peptide 159-178 (Pf approximately 500 at 5°C; Table S1) in Fig. S5 . The Pf decreases to approximately 200 at 25°C; at 37°C exchange is essentially complete within 3 min. Nonetheless, the 25°C time courses are broadly consistent with the 5°C data, indicating that the conformation of apoA-I in the 9.6-nm discoidal HDL particle is similar at these temperatures.
ApoA-I Helix Properties in HDL Particles. Fig. 2 summarizes the complete analysis of the Pf values measured for apoA-I in a 9.6-nm discoidal HDL particle at pD 7.3, 5°C. In A, the stabilization free energy against cooperative unfolding for each helical length is plotted against position in the apoA-I amino acid sequence [ΔG ¼ −RT ln K op (where K op is the fraction of time unfolded) = RT ln Pf; see Materials and Methods and SI Text].
In the lipid-associated state, apart from the N-terminal 6 residues and C-terminal 7 residues, the apoA-I molecule forms α-helical segments with free energies of stabilization in the range 3-5 kcal∕mol. In lipid-free apoA-I the helical segments have similar ΔG [3.3-5.3 kcal∕mol (19)], but large segments of the protein do not form α-helix and are disordered (ΔG ≤ 1.0 kcal∕mol) ( Fig. 2A) . Upon binding to PL in the 9.6-nm HDL particle, the latter segments are induced to form α-helix with a gain in stabilization free energy of 2-4 kcal∕mol. The locations of the α-helical segments in the lipid-bound and lipid-free apoA-I molecule are compared in Fig. 2 B and C. 2 . Summary of the HX-derived secondary structure assignments and α-helix stabilities for apoA-I in lipid-free and lipid-bound (9.6-nm discoidal HDL particle) states. (A) Site-resolved stability of lipid-free (dashed line) (from ref. 19 ) and lipid-bound (solid line) apoA-I. The HX kinetic data (pD 7.3, 5°C) for the 9.6-nm discoidal HDL particle in Fig. S3 and Table S1 were analyzed to obtain Pf values for each apoA-I peptide. Residues 125-158 (cross-hatched in B) exhibit bimodal HX kinetics (see Fig. S8 ) indicating two populations undergoing HX at different rates; the ΔG stability for both states is shown (the dotted line at ΔG approximately 1 kcal∕mol represents the fast state; see text). The disordered loop structure formed by the region around residues 125-158 is not included in B. B and C compare the HX-derived helix locations in lipidbound (9.6-nm discoidal HDL particle) and lipid-free apoA-I, respectively. The gray cylinders represent α-helices, and the lines indicate disordered secondary structure. The positions of proline residues (P), whose presence leads to some perturbation of α-helix organization, are marked.
The analysis of helix properties summarized in Fig. 2 applies to apoA-I in a 9.6-nm discoidal HDL particle with a composition of approximately 70∕1 mol∕mol POPC/apoA-I. Incorporation of 10 mol% cholesterol has no significant effect on the HX kinetics (Fig. S6) . Helix stability is also not changed by alterations in PC acyl chain composition; the apoA-I HX kinetics are essentially the same for HDL particles reconstituted with either POPC or dimyristoyl PC (Fig. S7) .
It is noteworthy that certain helical segments become destabilized upon incorporation into an HDL particle. Helices in the regions of residues 60-100 and 150-180 possess ΔG values some 1-2 kcal∕mol lower when lipid-bound than when lipid-free ( Fig. 2A) . This effect is demonstrated in detail in Fig. 1 for peptide 159-180. This peptide is of particular interest because it spans the region of the apoA-I molecule involved in the activation of the enzyme lecithin-cholesterol acyltransferase (LCAT) (25) . Pf decreases from a value of 12,000 in the lipid-free state to 500 in the HDL particle. This observation is consistent with a prior report (26) showing that protection against HX in this segment is reduced in the HDL particle. However, the present results show that the segment 159-180 remains helical in the HDL particle and does not form a disordered loop protruding from the surface of the disc, as suggested before (26) .
Bimodal HX Kinetics. For apoA-I in 9.6-nm discoidal HDL particles, the isotopic envelopes for peptide fragments between residues 125-158 (125-147, 125-158, 127-158, and 137-158) measured at HX times in the 30-s to 15-min range at 5°C exhibit obvious bimodal distributions (Fig. S8) . The segment of apoA-I monitored by peptide 125-158 (Fig. S8 ) is distributed in a 4∕1 ratio between the slowly and rapidly exchanging populations, with exchange to the fully deuterated state not being complete in 240 min. The slow state has Pf ¼ 5;000 (Table S1 ) corresponding to ΔG approximately 4.7 kcal∕mol indicating relatively stable helix (cf. Fig. 2A ). In contrast, most amides in the fast state have Pf < 10, indicating a disordered state. These results show that within the region of residues 125-158 the molecule occupies co-existing helical and disordered states. Interchange between the two states is on the time scale of tens of minutes (Fig. S8) .
Effect of HDL Particle Size. The HX data in Fig. 3, Fig. S8 , and Table S2 provide information on the helix properties of apoA-I in 7.8-nm discoidal HDL particles containing 28∕1 mol∕mol POPC/apoA-I. In contrast to the situation with 9.6-nm discs where most of the apoA-I molecule exhibits uniformly high protection and unimodal HX kinetics, accommodation of two apoA-I molecules at the edge of the smaller particle leads to many more segments exhibiting bimodal HX kinetics. The HX data for all apoA-I peptide fragments listed in Figs. S9 and S10 and Table S2 were analyzed in detail as described in SI Results and Discussion. Helix stabilities and relative occupancies of the fast and slow states for segments along the length of the entire apoA-I molecule are summarized in Fig. 3 A and B, respectively. For the 7.8-nm disc, it can be estimated that the total number of amide hydrogens with Pf ≤ 10 is 43 (Table S2) , which corresponds to a nonhelical content of about 18%, consistent with the CD spectrum (Fig. S2) . The assignment of Pf ≥ 10 for helical structure also gives agreement between the HX-and CD-derived estimates of helix content in lipid-free apoA-I (19) . Compared to amide hydrogens in unconstrained random coil that have expected Pf ¼ 1 (23), unprotected (non-H-bonded) amide hydrogens on nonhelical but ordered segments exchange more slowly and have been seen to exhibit Pf values in the range 2-40 (27) . Because the Pf for helical apoA-I amide hydrogens has to be set at >50 in order for the HX determination of apoA-I helix content in the 9.6-nm HDL particle to agree with the CD determination of 80% (Fig. S2) , it follows that the nonhelical segments are likely to be significantly constrained. This effect probably reflects the close apoA-I-bilayer edge relationship.
Discussion
Effects of Association with PL on ApoA-I Structure. CD measurements have established that the transition of apoA-I from the lipid-free to the lipid-bound state is accompanied by an increase in α-helix content from about 50% to 80% (28, 29) . Fig. S2 illustrates this effect for the 9.6-nm HDL particle in which each apoA-I molecule interacts with a proportionate amount of PL (70∕1 mol∕mol PL/apoA-I). The HX results specify the human apoA-I residues (45-53, 66-69, 116-146, and 179-236) that transition from random coil to helix upon incorporation into the 9.6-nm HDL disc (Fig. 2) . The conformational change of these 102 residues corresponds to an increase in helix content of approximately 40%, a little higher than the value indicated by CD. The major contribution to helix formation comes from the C-terminal domain spanning residues 180-243, in agreement with prior EPR experiments (30) . ApoA-I binds to a PL surface in a two-step mechanism in which an initial interaction mediated by the C-terminal domain is followed by opening of the N-terminal helix bundle (3, 10, 31) . The results in Fig. 2 indicate that the latter step is accompanied by widespread helix formation. The formation of α-helix in the N-and C-terminal domains promotes high affinity binding of apoA-I to lipids; the approximately 30% increase in α-helix content contributes about 2.5 kcal∕mol to the favorable free energy of binding (10, 29) .
The apoA-I helical segments in both the 7.8-and 9.6-nm HDL discs exhibit free energies of stabilization in the range 3 to 5 kcal∕mol ( Figs. 2A and 3A) , which is similar to the range measured by HX for lipid-free apoA-I (19) . This observation is consistent with the results of chemical denaturation experiments (28, 32) showing that incorporation of apoA-I into discoidal HDL particles does not significantly affect the average α-helix stability. Individual helices variously exhibit stabilization and destabilization when relocated from the lipid-free state to the HDL-associated state ( Fig. 2A and 3A) . This observation indicates that there is no dominant effect of interfacial environment on helix stability (and HX rate) (also see section on hydrogen exchange in SI Text). The free energies of apoA-I helix stabilization in the lipid-free and lipid-bound states are significantly lower than values in the range 5-10 kcal∕mol typically observed for globular proteins. The low global stability of the apoA-I molecule is consistent with high conformational flexibility. The stabilization free energies of 3-5 kcal∕mol correspond to an unfolding equilibrium constant of approximately 10 −3 meaning that the apoA-I α-helices in the surface of an HDL particle spend about 0.1% of the time unfolded. Because α-helix folding can occur on a sub-millisecond time scale, the α-helices in apoA-I (lipid-free and lipidassociated) probably unfold (and refold) on a time scale of seconds or faster (19) . This dynamic behavior and structural flexibility of apoA-I facilitates the remodeling of HDL particles (33) , which is critical for their maturation and metabolism.
Secondary Structure of ApoA-I in Discoidal HDL Particles of Different Sizes. The most widely accepted model for the structure of a 10-nm-diameter reconstituted HDL particle is one in which the apoA-I molecules adopt the so called "double-belt" organization (14) . Despite some disagreement (34), the particle is thought to be discoidal in shape and to contain two equivalent apoA-I molecules arranged as continuous antiparallel helices around the edge of a segment of PL bilayer. Chemical cross-linking and mass spectrometry studies are consistent with this structure and have shown that a central helical segment (residues 121-142) in one apoA-I molecule is packed adjacent to the same segment in its partner (reviewed in refs. 4, 5) . Because available crystal structures are for truncated lipid-free apoA-I variants, models of the organization of the terminal regions are less well developed although there is evidence that the N-terminal region is folded back on itself (5, 16) . It is known that apoA-I conformation is sensitive to changes in HDL particle size and, to account for this effect, structural models containing either variations in N-and C-terminal packing or helix-loop transitions have been proposed (35) (36) (37) (38) (39) . However, in the absence of a detailed and complete description of apoA-I secondary structure in HDL particles, the validity of such concepts remains uncertain. The information about α-helix locations and stabilities generated by the present HX study allows detailed evaluation of models of apoA-I organization in such particles.
9.6-nm Discoidal HDL. The distribution of α-helices in lipid-associated apoA-I in a 9.6-nm discoidal HDL particle (Fig. 2B) demonstrates that apoA-I adopts a continuous extended α-helical conformation essentially throughout its whole length, excepting only residues 1-6 and 237-243. This observation is consistent with inferences from structure prediction algorithms (13) and with the crystal structures of truncated apoA-I variants in the lipid-free state (15, 16) . The level of protection against HX is consistent with stable helix formation. EPR methods have been utilized to examine the secondary structure of apoA-I residues 6-98 and 163-241 in similar discoidal HDL particles (30, 40, 41) . Consistent with the HX result (Fig. 2B) , segments spanning residues 6-34, 50-98, and 185-233 were found to adopt α-helix. However, the EPR finding that residues 35-39 are unstructured and residues 234-243 are helical is inconsistent with HX results summarized in Fig. 2B . These discrepancies may arise from the use of apoA-I fragments in the EPR experiments. In the double-belt model of 10-nm-diameter HDL discs, it is clear that the apoA-I molecules must extend around the circumference of the particle and interact with the PL acyl chains at the edge of the disc to shield them from exposure to the aqueous phase (14) . Thus, the helical secondary structure shown in linear form in Fig. 2B is in fact curved due to (i) kinking at the proline residues and (ii) the intrinsic curvature of amphipathic α-helices (42) . Proline residues are frequently located at the N terminus of α-helical segments (43) , and the positions of these sites are indicated in Fig. 2B . The HX results indicate that the occurrence of a proline residue does not lead to the appearance of unprotected amide hydrogens. This is consistent with proline residues in helices causing only minimal disruption of hydrogen bonding (typically involving loss of only the N iþ1 -O i−3 hydrogen bond) (42) .
The segment of the lipidated apoA-I molecule spanning residues 125-158 exhibits bimodal HX kinetics (Fig. S8) , indicating that this region of the protein exists in two physical states with conformational exchange between them at 5°C occurring on the time scale of tens of minutes. This result is consistent with prior findings (36-39, 44, 45) that this segment of the apoA-I molecule can form a hinge domain or loop, with residues either in direct contact with the PL molecules at the edge of the disc or protruding into the aqueous phase. This region of the apoA-I molecule is apparently particularly flexible; X-ray crystallography has shown that residues 121-142 form the most flexible part of the half-circle dimer structure adopted by C-terminally truncated apoA-I (16). The slow state detected by HX presumably represents helical segments bound to the edge of the disc. The presence of unprotected amide hydrogens in the fast state is consistent with the existence of a desorbed, disordered loop. Thus, the segment Figs. 2A and 3A) . The values of the free energy of stabilization (kcal∕mol) are: red, ≤1; orange, 1-2; yellow, 2-3; green, 3-4; blue >4. The pink surfaces of the discs are covered by PL polar groups. The apoA-I molecules are organized according to the simple "double-belt" model (14) and any folding back or overlap of the ends of the apoA-I molecules (16, 35) is not demonstrated. A and B show the slow and fast states in which residues 125-158 adopt α-helical and disordered loop conformations, respectively. The diagrams show the two apoA-I molecules on each disc acting in concert and adopting the same conformation, but the segment spanning residues 125-158 also could be α-helical in one molecule and loop in the other. The orientation in C is obtained by a 180°clockwise rotation of the disc in A and depicts the nonhelical structures formed by the 6 or 7 amino acids at the ends of the apoA-I molecules. D-F show the equivalent information for a 7.8-nm discoidal HDL particle. The approximately 20% smaller area available at the edge of the 7.8-nm disc leads to displacement of about 20% more apoA-I amino acid residues from contact with PL molecules and enhances formation of protruding disordered loops (red in E and F). The regions of the apoA-I molecule that form these loops correspond to the nonhelical segments of the protein when it is in the lipid-free state. The surface-dissociated and surface-associated states co-exist on the time scale of minutes or longer; the degree of occupancy of these states varies along the lengths of the apoA-I molecules. As examples, segments spanning residues 115-158 and 212-225 form the depicted protruding structures 30-60% of the time in the 7.8-nm HDL particles (E and F; see text for further details). The diagrams are not to scale except for the relative major diameters of the two sizes of HDL discs.
around residues 125-158 most likely forms a loop domain containing proline residue 143. The relative occupancy of this loop structure is about 20% at 5°C. The HX data indicate that any given apoA-I segment behaves equivalently in all HDL particles present in the homogeneous population.
7.8-nm Discoidal HDL. Relative to the 9.6-nm disc (70∕1 mol∕mol POPC/apoA-I), the 7.8-nm disc (28∕1 mol∕mol POPC/apoA-I) has fewer PL acyl chains that require protection from exposure to the aqueous phase by interaction with the amphipathic α-helices of apoA-I. There are some morphological differences between the two sizes of HDL particles (46, 47) , but to a first approximation both can be considered as discs so that the 7.8-nm particle has an approximately 20% smaller perimeter. It follows that the two apoA-I molecules accommodated around the edge of a 7.8-nm disc are relatively crowded, compared to the 9.6-nm disc. The HX data reveal that this crowding leads to the apoA-I molecules sampling different physical states with various segments either on or off the 7.8-nm particle surface. Importantly, the approximately 20% reduction in available surface area leads to a measured 18% decrease in the fraction of apoA-I residues in direct contact with PL molecules at the disc edge [calculated from the occupancy of the fast-exchanging, less-protected, state in peptides that exhibit bimodal HX kinetics, including the disordered residues 45-57 (Fig. 3) ]. These different apoA-I conformations co-exist on the time scale of tens of minutes. The structural perturbation caused by molecular crowding at the edge of the 7.8-nm disc is experienced unevenly along the length of the apoA-I molecules. As summarized in Fig. 3C , the N-terminal residues 1-90 occupy a single physical state (unimodal isotopic envelopes) whereas C-terminal segments (residues 90-243) occupy two physical states. In these cases the occupancy of the desorbed state ranges from as low as 5% for some segments to as high as 60%. These occupancies can be considered to correspond to relative concentrations and to relative lifetimes.
The organization and properties of the helical segments of the apoA-I molecules in 7.8-and 9.6-nm discoidal HDL particles are shown schematically in Fig. 4 . An important novel structural insight is that, on a given size of HDL particle, various segments along the apoA molecule equilibrate between the desorbed and adsorbed states. It is noteworthy that the segments of the apoA-I molecule that form disordered structure in the 7.8-nm HDL particle (residues 45-57, 115-158, 190-243) (Fig. 3B) are mostly those that are nonhelical in lipid-free apoA-I (Fig. 2C) . Apparently, the propensity of these regions to maintain disordered configurations in lipid-free apoA-I similarly favors disordered loop structures in the lipid-bound state. The finding that residues 115-158 readily desorb from the disc edge is consistent with other spectroscopic results showing that residues 130-170 (37) and residues 133-146 (38) form flexible loops.
The minimum in system free energy associated with the selective formation of HDL discs with 9.6-nm diameter probably reflects the optimized coverage of the hydrophobic surface formed by POPC acyl chains achieved by the two maximally α-helical apoA-I molecules. The propensity of the nonhelical segments in the lipid-free apoA-I molecule to form unstructured loops is likely to be the basis for the minimum in free energy associated with selective formation of the 7.8-nm HDL disc where the same segments form helices and loops (Fig. 4) . Formation of two alternative states by these regions of the apoA-I molecule could provide additional free energy of stabilization for the small disc (48) .
Materials and Methods
Homogeneous reconstituted HDL particles (9.6-and 7.8-nm hydrodynamic diameter) containing POPC and human apoA-I were prepared by the cholate dialysis method (49) . The apoA-I secondary structure in these particles was investigated using an HX with fragment-separation (50) MS analysis (17, 51) . Mass spectra were analyzed using in-house software ExMS (18) . Time-dependent HX experiments were performed at pD 7.3 (5, 25, and 37°C). As summarized in Fig. 1 , the observed HX rate curve (k obs ) for each peptide fragment was compared to a reference (intrinsic) rate (k ref ) expected for the peptide in a random coil state (23, 52) . The HX protection factor Pfð¼ k ref ∕k obs Þ for each peptide was used to calculate the free energy of stabilization against helix unfolding (ΔG ¼ RT ln Pf). Further details about interpretation of HX data are in SI Text.
